Perspective: Computing (ro-)vibrational spectra of molecules with more than four atoms The Journal of Chemical Physics 146, 120902 (2017); 10.1063/1.4979117 THE JOURNAL OF CHEMICAL PHYSICS 134, 244307 (2011) A new "spectroscopic" potential energy surface for formaldehyde in its ground electronic state We report a new "spectroscopic" potential energy surface (PES) of formaldehyde (H 2 12 C 16 O) in its ground electronic state, obtained by refining an ab initio PES in a least-squares fitting to the experimental spectroscopic data for formaldehyde currently available in the literature. The ab initio PES was computed using the CCSD(T)/aug-cc-pVQZ method at 30 840 geometries that cover the energy range up to 44 000 cm −1 above equilibrium. Ro-vibrational energies of formaldehyde were determined variationally for this ab initio PES by means of the program TROVE [Theoretical ROtation-Vibration Energies; S. N. Yurchenko, W. Thiel, and P. Jensen, J. Mol. Spectrosc. 245, 126 (2007)]. The parameter values in the analytical representation of the PES were optimized in fittings to 319 ro-vibrational energies with J = 0, 1, 2, and 5. The initial parameter values in the fittings were those of the ab initio PES, the ro-vibrational eigenfunctions obtained from this PES served as a basis set during the fitting process, and constraints were imposed to ensure that the refined PES does not deviate unphysically from the ab initio one in regions of configuration space not sampled by the experimental data. The resulting refined PES, referred to as H 2 CO-2011, reproduces the available experimental J ≤ 5 data with a root-mean-square error of 0.04 cm −1 .
I. INTRODUCTION
An important goal of theoretical spectroscopy is the generation of accurate ground-state potential energy surfaces (PESs) for small polyatomic molecules. The PESs obtained are intended to serve as input for variational computations of highly accurate ro-vibrational term values with deviations from experiment typically below 0.1 cm −1 . In order to achieve this accuracy, an "empirical" approach is required in which an ab initio PES is refined in least-squares fittings to experimentally derived energies or observed wavenumbers. The PESs determined in this manner are generally referred to as "spectroscopic" potentials. The semi-empirical PESs of H + 3 , H 2 O, H 2 Te, H 2 S, O 3 , CO 2 , and NH 3 (Refs. [1] [2] [3] [4] [5] [6] [7] [8] are successful examples of this strategy being employed towards approaching spectroscopic accuracy in the theoretical calculation of rotation-vibration energy levels.
Recently, we have implemented a new procedure 9 in the program suite TROVE (Ref. 10 ) for the refinement of an ab initio PES of a polyatomic molecule through least-squares fitting to experimental ro-vibrational energies. We have already applied this approach to construct "spectroscopic" PESs for 121 SbH 3 and 14 NH 3 . 9, 11 In the present work, we generate an accurate "spectroscopic" PES for H 2 12 C 16 O (henceforth referred to as formaldehyde or H 2 CO). We first compute a six-dimensional ab initio PES for ground-state H 2 CO by means of standard coupled cluster theory CCSD(T) [12] [13] [14] in conjunction with the augmented correlation-consistent atomic a) Author to whom correspondence should be addressed. Electronic mail:
thiel@mpi-muelheim.mpg.de.
basis set aug-cc-pVQZ. 15 , 16 When we use this ab initio PES for variational TROVE (Ref. 10) calculations of the vibrational energies, the resulting energies typically deviate from the experimentally derived values by up to several reciprocal cm. As we are aiming for a "spectroscopic accuracy" of better than 0.1 cm −1 , we refine the ab initio PES in a leastsquares fitting to the available experimental ro-vibrational energies for J = 0, 1, 2, and 5. The resulting "spectroscopic" PES reproduces the experimentally determined term values of formaldehyde for J ≤ 5 with a root-mean-square (rms) error of 0.04 cm −1 . The spectrum of H 2 CO is important in diverse applications, including atmospheric, interstellar, and combustion chemistry. A number of ab initio PESs for H 2 CO, computed at various levels of theory, are available. Martin et al. 17 determined the ab initio quartic force field using the CCSD(T)/ccpVTZ and CCSD(T)/cc-pVQZ methods and reported theoretical values for structural and spectroscopic parameters. A set of multiresolution PESs were recently computed by Yagi et al. 18 by combining B3LYP/cc-pVDZ, CCSD/cc-pVDZ, and CCSD(T)/cc-pVTZ results. Global ground-state PESs were constructed for formaldehyde by Jalbout and Chang 19 on the basis of combined ab initio and DFT results and by Zhang et al. 20 in purely ab initio calculations at the CCSD(T)/augcc-pVTZ and MR-CI/aug-cc-pVTZ levels of theory.
No available theoretical PES of H 2 CO is capable of providing the accuracy that we target in the present work. An empirical adjustment of the force field from Ref. 17 , aimed at improving the agreement with experimentally derived vibrational energies, was made by Carter et al. 21 The rms deviation attained was 1.1 cm for all J = 0 vibrational term values (measured relative to the J = 0 level of the vibrational ground state) below 4000 cm −1 . Burleigh et al. 23 obtained a "spectroscopic" force field by refining the force constants from Ref. 17 24 are of special importance in the present work. Despite their relatively low resolution, these data are associated with an extensive set of vibrationally excited states. Thus, they sample large portions of vibrational configuration space and are essential for the accurate determination of the PES at high energies. In the PES refinement of the present work, we did not use as input the H 2 CO data compiled in the databases HITRAN The paper is structured as follows. The ab initio calculations and the analytical representation of the PES are described in Sec. II. The computational procedure is outlined in Sec. III. The selection of the experimental data for the refinement is discussed in Sec. IV. The results of the refinement are presented in Sec. V which also offers conclusions.
II. THE AB INITIO POTENTIAL ENERGY SURFACE
The six-dimensional ab initio PES of H 2 CO was computed at 30 840 geometries with energies ranging up to 44 000 cm −1 above equilibrium. The quantum-chemical calculations were done at the CCSD(T) (coupled cluster theory involving single and double excitations, with a quasiperturbative treatment of triple excitations [12] [13] [14] ) level of theory using the frozen-core approximation and the augmented correlation-consistent aug-cc-pVQZ basis. 15, 16 The CCSD(T) calculations were performed with the MOLPRO 2006 package 37, 38 using the default thresholds. The equilibrium structural parameters of H 2 CO obtained from the ab initio results are listed in Table I , where they are compared with the experimentally derived and theoretical literature values. In order to represent analytically the ab initio PES, we employ a Taylor-like expansion around the minimum energy path (MEP) for out-of-plane motion
with the maximum expansion order i + j + k + l + m + n = 6. In Eq.
(1), we use the three stretching coordinates
the two bending coordinates angles, and τ is the dihedral angle between the OCH 1 and OCH 2 planes. The sign of τ is chosen such that an observer on the O nucleus, who is looking towards the C nucleus, will see the rotation by τ from the CH 1 bond to the CH 2 bond as an anti-clockwise rotation.
Formaldehyde has the molecular symmetry (MS) group C 2v (M), 41 and so the potential function of H 2 CO is invariant to the interchange to the two protons. This imposes the condition f i( jk)(lm)n = f i(k j)(ml)n for the expansion coefficients in Eq. (1) • and τ = 180 • . They were then expanded in terms of (cos τ + 1) as follows:
n ,
The computed MEP is shown in Fig. 1 . The expansion parameters a X n (X=CO, CH, and OCH), obtained in separate fittings to the 10 chosen data points are listed in Table II ; the rms deviations of these fittings are 10 −5 Å, 2 × 10 −6 Å, and 3 × 10 −5 rad for the CO, CH, and OCH parameters, respectively. The global minimum is found at r e CO =1.20754 Å, r e CH = 1.10222 Å, and θ e OCH = 121.693
• . These values are in keeping with the equilibrium parameters from the literature (see Table I ).
With the MEP defined by Eqs. (7)- (9) in conjunction with Table II 
where a = , except for the asymmetric bending mode ν 6 for which the fundamental term value deviates by 3.5 cm −1 from experiment. In view of the fact that at the CCSD(T)/augcc-pVQZ level of ab initio theory, we neglect, for example, higher-order coupled cluster excitations, core-valence correlation, basis set incompleteness, and relativistic effects, the agreement with experiment achieved with the AVQZ PES is better than expected. We also note that the purely rotational term values for J ≤ 5 (see Table VII below) are reproduced very well, with an rms error of 0.094 cm −1 . This indicates that the AVQZ equilibrium geometry is quite accurate. In summary, the new AVQZ PES of H 2 CO appears to be of high quality and should, thus, provide a good starting point for refinement of the PES in least-squares fittings to the experimental data.
III. TROVE: COMPUTATIONAL DETAILS
We compute the ro-vibrational energies of H 2 CO by means of the variational program suite TROVE. 10 In the variational calculations, we generate the matrix representation of the rotation-vibration Hamiltonian in terms of a symmetry-adapted basis set constructed as follows: The primitive vibrational basis functions are given by the products of one-dimensional (1D) vibrational functions φ n 1 (r 1 ), φ n 2 (r 2 ), φ n 3 (r 3 ), φ n 4 (θ 1 ), φ n 5 (θ 2 ), and φ n 6 (τ ). Here, (r 1 , r 2 , r 3 , θ 1 , θ 2 ) are linearized versions 10, 41 of the coordinates r CO , r CH 1 , r CH 2 , θ OCH 1 , and θ OCH 2 , respectively. We use the Numerov-Cooley technique 44, 45 to determine the functions φ n i (q i ) (where n i denotes the principal quantum number) by solving the 1D Schrödinger equation 10 for the vibrational motion associated with the corresponding coordinate q i 
whereĤ vib is the vibrational (J = 0) Hamiltonian
Here, E 1) τ rot , 41 and K = |k| with k and m (where −J ≤ k, m ≤ J ) specifying the projections, in units of¯, of the rotational angular momentum onto the molecule-fixed z axis and the space-fixed Z -axis, respectively. 41 In this so-called (J = 0)-contracted basis set 47 of products J =0,γ |J, K , m, τ rot , the vibrational partĤ vib of the total Hamiltonian is diagonal with diagonal matrix elements given by eigenvalues E vib γ . In TROVE calculations, the size of the basis set, and therefore the size of the Hamiltonian matrix blocks, can be controlled by the polyad number P, which in the present case is given by
where the local-mode quantum numbers n i are defined in connection with the primitive basis functions φ n i . Hence, we can choose a maximum value P max of the polyad quantum number and then include in the primitive basis set only those combinations of φ n i for which P ≤ P max . In the present work we use P max = 14. The largest rotationvibration matrix blocks that had to be diagonalized for H 2 CO (J = 5) had dimensions of about 21 000. Routines from the LAPACK and ARPACK 48 libraries were employed for the diagonalizations.
The TROVE program automatically labels the eigenvalues and eigenvectors with quantum numbers, based on an analysis of which basis functions contribute most to the corresponding eigenfunctions. As explained above, the basis functions are in turn associated with the quantum numbers K , τ rot , vib , n 1 , n 2 , n 3 , n 4 , n 5 , and n 6 . Here n 1 , n 2 , n 3 are stretching local mode quantum numbers, 49 describing the C-O, C-H 1 , and C-H 2 modes, respectively, n 4 and n 5 represent the two bending modes, and n 6 is the out-of-plane bending quantum number. These quantum numbers can be straightforwardly mapped onto the normal mode quantum numbers v 1 , v 2 , v 3 , v 4 , v 5 , and v 6 conventionally used in most spectroscopic studies. In the normal mode notation, the H 2 CO vibrational states are la- 
IV. THE REFINED POTENTIAL ENERGY SURFACE
We have extended the program TROVE to allow for the direct fitting of the potential energy surface to experimental ro-vibrational term values. Details of the procedure are given in Ref. 9 . The basic idea is to describe the refinement in terms of a correction V to the initial ab initio PES V . That is, the refined PES V can be written as V = V + V , and now the eigenfunctions of the initial Hamiltonian H are used as basis functions for the diagonalization of the extended Hamiltonian H = H + V . In this basis set, the only off-diagonal Hamiltonian term is V , which we expand in analogy to Eq. (1), that is, by the expansion of the form already used for V . The corresponding expansion coefficients f i jklmn are obtained by the least-squares fitting starting from V = 0.
In the PES fittings, we use as input data "experimental" energies derived from the corresponding experimental transition wavenumbers or frequencies. In order to determine from experimental wavenumber data, for example, the upper state energy of an absorption transition for inclusion in our PES-fitting input data set, we must know the assignment of the transition and the energy of the lower state. The accuracy of the determined upper state energy will reflect both the accuracy of the experimental wavenumber and that of the lower state energy. Correct assignments of the experimentally observed transitions are required in order that we can identify the upper and lower state energies involved in a given observed transition and correlate each experimentally derived energy with a calculated energy. In the present work on H 2 CO, it was straightforward to correlate the theoretically calculated and the experimentally derived energies because, as mentioned a For each set of energy levels we give the angular momentum quantum number J , the rms error attained in the fitting of the H 2 CO-2011 PES (see below), and the references to the experimental data.
above, using the initial ab initio PES AVQZ we obtained theoretical energies in a very good agreement with the experimentally derived ones. That is, the pattern of the ro-vibrational energies obtained in the initial theoretical calculation could immediately be identified with the pattern of experimentally derived energies. All we had to do was to verify that each ro-vibrational level was assigned experimentally as belonging to a state with values of the good quantum numbers J and (where is the ro-vibrational symmetry in the MS group) that match the values for the correlating theoretically calculated level.
We include in the input dataset for the PES fitting all experimentally known term values of H 2 CO with J ≤ 5. 3 , ν 2 + ν 6 , ν 3 + ν 6 , ν 3 + ν 4 , ν 5 , and 2ν 6 between 2600 cm −1 and 3000 cm −1 . It is known that the H 2 CO data in HITRAN are far from being complete and so we decided not to use HITRAN data as input for our PES fitting. Instead, we have explored other, more up-to-date sources of the experimental information. Recently, Tchana et al. 30 reported an experimental line list for the ν 2 , ν 3 , ν 4 , and ν 6 transitions of formaldehyde. Perrin et al. 29 published a very accurate synthetic line list covering the band systems (ν 2 , ν 3 , ν 4 , ν 6 ) and (ν 1 , ν 2 + ν 3 , ν 2 + ν 4 , ν 2 + ν 6 , 2ν 3 , ν 3 + ν 4 , ν 3 + ν 6 , 2ν 4 , ν 4 + ν 6 , ν 5 , 2ν 6 ) in the 5.7 μm and 3.6 μm regions, respectively. Perez et al. 32 measured a set of hot transitions belonging to the bands ν 4 − ν 4 , ν 1 + ν 4 − ν 4 , and ν 4 + ν 5 − ν 4 . These transitions involve states not present in the line compilations of Tchana et al. 30 and Perrin et al. 29 For our input dataset, we selected 492 energy levels with J ≤ 5 from Refs. 29, 30, and 32. In the fitting, we assigned weights of w i = 100.0 to the purely rotational energy levels and w i = 1.0 to levels in excited vibrational states. We chose higher weights for the rotational energies in order to ensure an accurate determination of the equilibrium structure, since accurate structural parameter values are important for the reliable prediction of the ro-vibrational term values at high J values.
Energies of vibrationally excited states are important for the determination of the PES since increasing vibrational excitation causes increasing vibrational amplitudes. Consequently, when the input data set for the fitting involves highly excited vibrational states, the high-energy part of the PES is sampled by the corresponding data. For this reason, we included in the input data set the vibrational band centers of H 2 CO from the dispersed fluorescence study by Bouwens et al. 24 in spite of their relatively low accuracy (standard deviation of 1.7 cm −1 ). We selected the term values below 7500 cm −1 and weighted them by 0.1. Some of the 3.5 μm-region band centers of Ref. 24 corresponding to the states (ν 1 , ν 2 + ν 3 , ν 2 + ν 4 , ν 2 + ν 6 , 2ν 3 , ν 3 + ν 4 , ν 3 + ν 6 , 2ν 4 , ν 4 + ν 6 , ν 5 , and 2ν 6 ) were recently re-determined at a higher accuracy by Perrin et al. 31 Similar improvements were made by Flaud et al. 33 for the (ν 1 + ν 2 , ν 1 + ν 6 , 3ν 2 , ν 2 + ν 5 , 2ν 2 + ν 6 , ν 2 + ν 4 + ν 6 , ν 3 + ν 5 , and 2ν 3 + ν 6 ) states in the 1.9-2.56 μm region. In addition, the 2ν 5 band was reinvestigated by Saha et al. 34 These recent band center values 31, 33, 34 were used in place of the corresponding J = 0 energies from Ref. 24 .
In total, our input data set comprised 599 energies.
For the actual refinement, we used only 319 energies with J = 0, 1, 2 (all symmetries) and J = 5 (A 2 and B 1 symmetry) in order to speed up the fitting procedure. The comparison of the theoretical and experimental energies with ensuing statistical analysis was carried out for all 599 experimental energies.
In the refinement, we constrain the fitted PES to follow roughly the shape of the initial AVQZ PES of H 2 CO. This is achieved by simultaneously fitting the f i jklmn parameters to the ab initio points V i and to the experimental energy levels. 50 The simultaneous fitting has a dual purpose: first, it ensures that the PES retain a physically acceptable shape and second, it allows all potential parameters to be varied irrespective of the amount of the experimental data available for particular vibrational excitations. 50 The refined parameter values characterizing the new "spectroscopic" PES of H 2 CO (which we refer to as H 2 CO-2011) are given in the supplementary material to the present paper, 43 together with a Fortran 90 routine that generates values of the potential energy function. It should be noted that we do not vary the structural parameters a ref i
in our fitting procedure. Instead, the equilibrium geometry is adjusted by varying the linear expansion constants f 10000 , f 01000 (= f 00100 ), and f 00100 (= f 00010 ), which are zero in the case of the ab initio PES. The PES refinement thus results in a new semi-empirical equilibrium structure with r e CO =1.20367 Å, r e CH =1.10290 Å, and θ e = 121.781
• . These values are very similar to the ab initio AVQZ equilibrium parameters (see Table I ).
Comparing the ab initio and the refined values of the potential parameters, there are rather small deviations for the quadratic diagonal terms (less than 2% in the case of f 20000 , f 02000 , and f 00200 , and 9% in the case of f 00002 ), while some of the other (especially higher-order) parameters show larger percentage deviations. It is, however, more relevant to compare the ab initio and the refined PES directly. The rms 
V. RESULTS AND CONCLUSIONS
The TROVE-calculated vibrational term values obtained with the H 2 CO-2011 PES are included in Tables III-VI (relative to the calculated zero point energy of 5774.05 cm −1 ) and compared with the corresponding experimental data and the ab initio AQVZ values from this work. Tables IX-XI give the residuals (Obs.−Calc.) for selected states; a complete list is given in the supplementary material. 43 Graphical representations of the agreement between the theoretical and experimental energies are shown in Figs. 2 and 3 , where the residuals are displayed for all J = 0, 1, 2, 3, 4, 5 term values that have experimental counterparts, including those not considered in the fitting. The total rms error for all energy levels except the J = 0 set from Bouwens et al. 24 is 0.040 cm −1 (for further details see Table VIII ). The largest deviation of 0.3 cm −1 (see Fig. 2 ) is found for the ν 4 + ν 6 band center (J = 0). We sus- forms in extrapolations to higher J values, we have generated the ro-vibrational energies for J = 6. Comparison with the available experimental term values 29, 30, 32 yields a rms error of 0.08 cm −1 for 167 J = 6 ro-vibrational term values, all below 4100 cm −1 . This indicates that the refined PES remains reasonable for moderate extrapolations to somewhat higher J values. Calculations for much higher J values quickly become more demanding and will require larger basis sets than used presently.
It should also be noted at this point that the variational TROVE calculations employed in the PES fitting of the present work are not fully converged because of the basis set truncation at P max = 14 and the internal use of Taylor-type expansions of the Hamiltonian operator truncated after the 8th-order terms (see Sec. III). Therefore, our refined PES H 2 CO-2011 is "effective" in the sense that the stated accuracy of 0.04 cm −1 can only be guaranteed when the H 2 CO-2011 PES is used in conjunction with the same calculation setup as described in Sec. III.
We have generated a "spectroscopic" PES of H 2 CO which reproduces the available experimental ro-vibrational energies of this molecule with an unprecedented accuracy. We are planning to use this PES in comprehensive line list calculations. Another future application is the detailed assignment of the experimental transitions in the 1.5 μm region, which have been extensively investigated by high-resolution spectroscopy owing to the development of monochromatic diode lasers operating near this wavelength (see, for example, Refs. 52 and 53).
